Review of Le Van Quyen et al.
In the first electrocorticograms, Richard Caton (1877) connected a mirror galvanometer to exposed rabbit brains and observed slow sleep-related fluctuations. Several decades later, Loomis et al. (1937) applied the then-fledgling technique of scalp EEG to classify sleep stages in humans, observing dominant low-frequency oscillations during what is now called slow-wave sleep (SWS).
More than a century after Caton's (1877) initial findings, the mechanism and significance of slow oscillations in the brain remain important subjects of research. A growing body of literature associates slower oscillations in general (below ϳ10 Hz) to neuronal spiking activity. Slow waves during deep sleep, with frequencies Ͻ1 Hz, are now known to reflect alternations between depolarizing UP states that result in widespread unit firing, and hyperpolarizing DOWN states that result in relative neuronal silence (Steriade et al., 1993) .
Faster rhythmic activity of ϳ30 -200 Hz, often referred to as the gamma band, has been linked to a variety of active cognitive processes, including attention, sensory processing, perceptual binding, and even conscious experience (Jensen et al., 2007) . Furthermore, gamma-band activity appears to be the most reliable electrophysiological correlate of the fMRI blood oxygenation level-dependent response , and its coupling to both slower oscillations (Canolty et al., 2006) and unit activity (Whittingstall and Logothetis, 2009 ) are highly active areas of research.
Le Van Quyen et al. (2010) extend this line of research by examining the intensity and timing of gamma events with respect to sleep stages and slow oscillations in humans. Scalp EEG was simultaneously acquired with local field potentials (LFPs) and multiunit activity (MUA) recordings via macroelectrodes and microelectrodes implanted in epileptic patients. Gamma oscillations (40 -120 Hz) appeared across all sleep stages in the human cortex, yet, surprisingly, they occurred far more frequently during SWS than during quiet wakefulness or rapid eye movement (REM) sleep [Le Van Quyen et al. (2010) , their Fig. 2A ]. Parahippocampal gyrus appeared to be the origin for many of these events, although they were observed to a lesser extent across all other implanted areas, including cingulate, occipital, orbitofrontal, and superior temporal cortices, as well as supplementary motor area [Le Van Csercsa et al. (2010) recently described another microelectrode study in sleeping epileptic patients showing similar multiscale coupling on the cortical surface of frontal, temporal, and parietal structures during SWS. Furthermore, these effects localized to cortical layers I-III, suggesting generation by the apical dendrites of pyramidal cells. Using similar methods, the same laboratory previously examined surfacenegative K-complexes, which strongly correlated with DOWN states also involving layers I-III (Cash et al., 2009) . Their conclusion that the K-complex therefore exclusively reflects isolated DOWN states is seemingly contradicted by Le Van Quyen et al. (2010) . However, on further examination of their results (Cash et al., 2009, their (2010) exclusively recorded at depth, with the most robust effects observed in parahippocampal gyrus, these studies may in fact provide converging evidence that the K-complexes of sleep stage 2 might be isolated single cycles of slow waves, resulting in widespread transient DOWN states, followed by UP states in more specific structures.
An intriguing mechanism for these coupling relationships is suggested by another recent article. Fröhlich and McCormick (2010) developed an innovative "fieldclamp" technique to mimic endogenous electric fields such as slow waves; with it, their results suggest that endogenous fields are sufficiently strong to not only directly induce alternating UP/DOWN states, but also to reinforce and spread existing slow rhythms.
Indeed, transcranial magnetic stimulation (TMS) pulses induce prominent slow oscillations when applied during sleep stage 2 and SWS, but not during sleep stage 1 or wakefulness (Massimini et al., 2007) . These induced oscillations behave as traveling waves arising from the TMS focus, similar to naturally occurring slow waves. This implies that cortex may be in a peculiarly excitable state during the deeper stages of non-REM sleep and supports the plausibility of focal generators that initiate the waves, which then propagate across the entire cerebral cortex primarily through local connections or endogenous field effects rather than longrange connections. These could manifest as isolated K-complexes as the cortex transitions to a more susceptible state during sleep stage 2, evolving into selfsustaining slow waves during SWS as the cortex reaches maximum excitability.
One potential function of SWS and gamma/ripple oscillations is to facilitate declarative memory consolidation involving the hippocampus (Wierzynski et al., 2009) , though the precise mechanism remains unclear. Le Van Quyen et al. (2010) suggest that their results support the hypothesis that hippocampus ripples entrain neocortical gamma oscillations during SWS and thereby drive memory consolidation, in agreement with Wierzynski et al. (2009) , who found prefrontal cortex unit firing 100 ms after hippocampal ripples in the rat during SWS. In a human macroelectrode sleep study, Axmacher et al. (2008) found that rhinal cortex gamma events were indeed associated with memory consolidation; however, they followed hippocampal ripples by only 1 ms on average, suggesting information flow originating from a common third structure. Finally, several studies in rats have shown that hippocampus ripples follow entorhinal UP states by 50 -200 ms (e.g., Hahn et al., 2006) , suggesting that it is instead neocortex that drives hippocampus during SWS. Perhaps more sophisticated measures of directionality such as Granger causality may clarify these inconsistencies.
The findings of Le Van Quyen et al. (2010) add to the controversy regarding the nature of both gamma oscillations themselves and their relationship to sleep stages. Another recent study with macroelectrodes implanted in epilepsy patients showed a similar relation between sleep stage and the prevalence of Ͼ80 Hz ripple events (Bagshaw et al., 2009) , whereas several previous studies show significantly decreased gamma power during SWS relative to wakefulness (Gross and Gotman, 1999; Cantero et al., 2004; Axmacher et al., 2008) .
Methodological differences of Le Van Quyen et al. (2010) may explain some of these discrepancies. One key difference was the use of microelectrodes, rarely implanted in human patients, which sample smaller volumes than implanted macroelectrodes. This suggests that larger neuronal ensembles may synchronize in the gamma band during wakefulness, but smaller populations are involved during SWS. Additionally, rather than calculating average gamma power over long intervals, the analyses calculated the rate of individual gamma events and examined the coupling between gamma power and the phase of slow waves. Gamma events associated with cognition and perception during wakefulness might have also been underestimated due to the selection criteria of Ͼ100 ms duration as well as visual identification of oscillations on raw electrode traces; these types of responses are often relatively weak and brief, requiring repeated trials and statistical analyses for reliable detection, and so may not necessarily resemble obvious oscillations in continuous recordings. Finally, several sleep studies, including the one by Le Van Quyen et al. (2010) , define "wakefulness" as the period immediately before entering sleep stage 1 in a dark room with no external stimulation, and therefore findings may not directly apply to fully alert wakefulness.
It would be particularly interesting to clarify the role of gamma oscillations with respect to the two subdivisions of REM sleep. Phasic REM sleep is characterized by the eye movements themselves, but comprises only 5-30% of total REM sleep (Hansotia et al., 1990) , with tonic REM sleep and its associated generalized atonia accounting for the remainder. Human intracranial EEG has shown that cortical gamma power is in fact enhanced during phasic but not tonic REM sleep (Gross and Gotman, 1999) . Likewise, rat hippocampus exhibits increased gamma synchrony during phasic REM sleep, while gamma power and unit firing rates decrease during tonic REM sleep (Montgomery et al., 2008) . Therefore, significant gamma power may be present only during relatively short phasic periods, explaining the relatively low gamma-REM association found by Le Van Quyen et al. (2010) .
The results by Le Van Quyen et al. (2010) are nevertheless compelling in the context of the proposed role of gamma oscillations during wakefulness, reinforcing the concept of sleep as a paradoxically active brain state in which gamma oscillations may participate in long-hypothesized sleep functions such as memory consolidation and learning. The reported predominance of spontaneous gamma events during the deeper stages of sleep does not necessarily preclude a significant role for gamma-band activity in conscious processing. Indeed, task-related increases of gamma activity have been associated with attention, memory, and perceptual awareness (Jensen et al., 2007; Wyart and TallonBaudry, 2009 ). More generally, elucidating the role of widespread spontaneous gamma bursts during SWS might benefit from recent evidence for transient attention-related suppressions of broadband gamma activity in the default-mode network during wakefulness (e.g., Jerbi et al., 2010) . Incidentally, default mode network structures are thought to play a key role in the generation and propagation of sleep slow waves (Dang-Vu et al., 2008) . Therefore, investi-gating the relationship between concurrent gamma increases and decreases in large-scale networks and their relationship with slow oscillations and neuronal firing across different levels of vigilance will be critical in future research. Further experiments combining scalp-level EEG, LFP, and unit recordings across multiple sites, as reported here by Le Van Quyen et al. (2010) , are poised to play a key role in this endeavor.
